Vitamin A deficiency is a major public health problem in developing countries. Some studies also implicate a suboptimal vitamin A intake in certain parts of the population of the industrialized world. Provitamin A carotenoids such as b-carotene are the major source for retinoids (vitamin A and its derivatives) in the human diet. However, it is still controversial how much b-carotene intake is required and safe. An important contributor to this uncertainty is the lack of knowledge about the biochemical and molecular basis of b-carotene metabolism. Recently, key players of provitamin A metabolism have been molecularly identified and biochemically characterized. Studies in knockout mouse models showed that intestinal b-carotene absorption and conversion to retinoids is under negative feedback regulation that adapts this process to the actual requirement of vitamin A of the body. These studies also showed that in peripheral tissues a conversion of b-carotene occurs and affects retinoid-dependent physiologic processes. Moreover, these analyses provided a possible explanation for the adverse health effects of carotenoids by showing that a pathologic accumulation of these compounds can induce oxidative stress in mitochondria and cell signaling pathways related to disease. Genetic polymorphisms in identified genes exist in humans and also alter carotenoid homeostasis. Here, the advanced knowledge of b-carotene metabolism is reviewed, which provides a molecular framework for understanding the role of this important micronutrient in health and disease.
INTRODUCTION
Carotenoids are isoprenoid compounds (mostly C40) that contain up to 15 conjugated double bonds that are synthesized in plants, certain fungi, and bacteria. Among the 600 described carotenoids, w50 exist in the human diet, from which only w10 are present in significant amounts in human plasma. Carotenoids exert $2 important functions in human physiology. First, these compounds are generally proposed to act as antioxidants and blue light filters (1) . The best-known example is in the macula lutea of the human retina where carotenoids such as zeaxanthin and lutein are sequestered in large quantities and specific patterns (2, 3) . These so-called macula pigments may lessen chromatic aberration and protect the primate retina against lightinduced oxidative stress (4) . Second, so-called provitamin A carotenoids such b-carotene are the natural precursors for retinoids (5) . To fulfill this function, provitamin A carotenoids must be converted by centric oxidative cleavage to all-trans-retinal (RAL) 5 . RAL can be then reduced to all-trans-retinol (ROL) and, on esterification, is stored in large quantities in stellate (also called ito cells) in the liver and in other tissues such as lung and fat (6) . In the eye, retinoids can be converted to 11-cis-retinal, the visual chromophore, in a complex pathway known as the retinoid cycle (7) . The chromophore then binds to a protein moiety (opsin) to establish functional visual pigments. Visual pigments are G-protein-coupled receptors that mediate phototransduction, the process by which light is translated into an electrical (nervous) signal (8) . After bleaching, the visual pigments decay into the opsin and RAL, which must be recycled through this pathway to sustain vision (9) . Retinoids are also oxidized to all-trans-retinoic acid (RA). RA is a hormone-like compound that binds to a certain class of nuclear receptors called the retinoic acid receptors (RARs) (10) . RARs require the retinoid X receptors as obligate heterodimeric partners and, on ligand binding, influence gene expression in many physiologic processes.
In recent years, a large subset of molecular components of retinoid metabolism have been molecularly identified (6) . Mutations in the corresponding genes can cause various diseases including blinding diseases such as retinitis pigmentosa and Stargardt disease (11) . Moreover, mutations in these genes can cause Matthew-Wood syndrome. This fatal disease is associated with anophthalmia, pulmonary and cardiac malfunctions, and severe mental retardation (12) . Furthermore, studies in knockout mouse models for these genes established the critical role of retinoids in embryonic development and later in the life cycle in physiologic processes as diverse as immunity and metabolic control (13) (14) (15) .
Considering the critical role of retinoids throughout the mammalian life cycle, it is not surprising that dietary vitamin A deficiency (VAD) has utterly devastating consequences. This preventable ailment is associated with severe health problems that can cause blindness and contribute to increased mortality rates of children and pregnant women in Asia and Africa (16) . Low vitamin A intake has also been described in Western societies (17) . Intervention studies showed that b-carotene supplementation can reduce night blindness and mortality rates in pregnant women in populations at risk of VAD (18) . Other strategies involve programs for the cultivation of indigenous b-carotene-rich fruits and vegetables as well as genetic engineering of the carotenoid pathway in major crops such as rice, potatoes, and corn (19) (20) (21) to increase b-carotene consumption and prevent vitamin A deficiency.
Despite the importance of b-carotene as major dietary vitamin A precursor, it is still controversial how much intake is required. One must attach some importance to this question because b-carotene is regarded as a "Janus-faced" micronutrient. On the one hand, epidemiologic studies associate high plasma concentrations of b-carotene with decreased risk of disease such as VAD, certain kinds of cancer, cardiovascular disease, and metabolic disease (22) . On the other hand, clinical studies showed no positive outcomes of long-term b-carotene supplementation in healthy individuals (23) . Surprisingly, b-carotene supplementation even has been associated with adverse health effects in people at risk of disease. Two large clinical trials in the 1990s showed that high-dose supplementation with provitamin A increases the risk of lung cancer and cardiovascular diseases in smokers (24, 25) .
The mechanistic basis for the discrepancy of beneficial compared with adverse health effects of b-carotene remains to be defined. A major flaw in this endeavor is the limited knowledge on the molecular and biochemical basis of b-carotene metabolism. Without a proper molecular framework it is impossible to truly understand this process, including critical details about its regulation, its physiologic impact, and the role of genetics. In recent years, much progress has been made in identifying key players in b-carotene metabolism. Mutations in the corresponding genes impair carotenoid metabolism and induce various pathologies in animal models. Polymorphisms in these genes alter b-carotene metabolism in humans as well. This review summarizes the advanced knowledge on the molecular biology, biochemistry, and genetics of b-carotene metabolism.
MOLECULAR IDENTIFICATION AND BIOCHEMICAL CHARACTERIZATION OF KEY COMPONENTS OF CAROTENOID METABOLISM
Carotenoid metabolism can be portrayed in the following framework: These compounds must be absorbed from the intestine, transported in the circulation, and delivered to target tissues. In addition, mechanisms must exist to eliminate excess carotenoids to maintain a normal physiologic state. In the case of provitamin A, carotenoids must first be converted to retinoids, and these primary cleavage products must then be further metabolized for storage and/or production of biologically active retinoid derivatives.
The combination of modern molecular biology and biochemistry as well as the use of a genetically well-defined model organism led to the identification of genes devoted to this process. In particular, the fruit fly, Drosophila melanogaster, proved to be a versatile model for these efforts. Like all animals that are endowed with the ability to detect light through visual pigments, Drosophila has evolved a pathway in which dietary carotenoids are metabolically converted to chromophore (11-cis-3-OHretinal in the fly). In contrast to vertebrates, carotenoid function is restricted to vision in the fly, thus making this model suited for genetic dissection (26) . In fact, molecular players in this pathway were identified in the fly (27) . The importance of the different components of carotenoid/chromophore metabolism is strikingly shown by the blindness of respective mutants. In Drosophila, absorption of dietary carotenoids depends on the NinaD protein (28) , which is expressed in the midgut (29) . This transmembrane protein belongs to the gene family of so-called class B scavenger receptors and facilitates carotenoid uptake from micelles into cells (30) . Absorbed carotenoids then must be transported in the hemolymph and are taken up into neuronal and glial cells of the optic lobes. The uptake of carotenoids into both cell types depends on an additional NinaD-related scavenger receptor named Santa Maria (29) . Both of these cell types also express NinaB, which converts carotenoids into retinoids by symmetric oxidative cleavage at the 15,15# position (29, 31, 32) . Recent research showed that NinaB is a bifunctional enzyme that possesses not only a carotenoid-oxygenase but also intrinsic isomerase activity (33) (Figure 1 ). The reaction catalyzed by NinaB couples the energy delivering oxidative cleavage reaction with the energy consuming trans-to-cis isomerization reaction of double bonds in the carbon backbone of carotenoids. Accordingly, the cleavage of carotenoids such as zeaxanthin by NinaB results in the formation one molecule of 11-cis and one molecule of all-trans-3-hydroxy-retinal (33) . The 11-cis-stereoisomer binds to opsin to generate functional visual pigments. The alltrans-stereoisomer cleavage product is converted in a lightdependent pathway to chromophore (33, 34) . The latter pathway also contributes to the regeneration of chromophore (35) .
Key components of carotenoid metabolism are evolutionarily well conserved but have adapted to the specific requirements of mammalian carotenoid/retinoid metabolism and functions. Studies in cell culture and in knockout mouse models showed that the NinaD-related scavenger receptor class B type 1 (SR-B1) mediates carotenoid absorption into cells (36, 37) . SR-B1 also facilitates the uptake of other isoprenoid compounds, including non-provitamin A carotenoids, tocopherol, and cholesterol (38) (39) (40) . In addition, a second NinaD-related scavenger receptor, CD36, has been implicated into the cellular uptake of carotenoids (41) . (Figure 1 ). Recombinant human BCMO1 catalyzes the cleavage of provitamin A carotenoid substrates with at least one nonsubstituted b-ionone ring, such as b-carotene, a-carotene, or b-cryptoxanthin, but fails to promote cleavage of non-provitamin A carotenoids such as lycopene or zeaxanthin (45) . Studies in knockout mouse models showed that BCMO1 is the key enzyme for retinoid production (46) . In humans, a heterozygotic mutation in BCMO1 was described with evidence of both elevated plasma b,b-carotene concentrations and low plasma retinol concentrations (47) . In addition, common genetic polymorphisms exist in the BCMO1 gene that alter b-carotene metabolism in affected individuals (48, 49) .
The second NinaB homolog, the retinal pigment epitheliumspecific 65 kDa protein (RPE65), is not a carotenoid-oxygenase but the long-sought retinoid isomerase in the mammalian visual cycle. RPE65 was identified as an abundant protein in the retinal pigmented epithelium of the eyes (50) . In initial studies, RPE65 was proposed to act as a retinoid binding protein (51, 52) . However, 3 groups independently showed that RPE65 is an enzyme that catalyzes the conversion of retinyl esters (REs) to 11-cis-retinol (53-55) ( Figure 1 ). In humans, mutations in RPE65 result in chromophore deficiency and thus blindness (56) . RPE65-deficient mice accumulate REs in the RPE and lack the visual chromophore in photoreceptors (57, 58) . Mice with mutations in RPE65 also have been used as an animal model to analyze the consequences of VAD for rod and cone photoreceptors of the retina (59, 60) .
The third mammalian NinaB homolog is b-carotene-9#,10#-dioxygenase 2 (BCDO2). This gene has been cloned from human, mouse, zebrafish, and ferrets, and recombinant ferret and mouse BCDO2 has been biochemically characterized (61, 62) . Initially, expression of BCDO2 in a b-carotene-accumulating Escherichia coli strain showed that it catalyzes the formation of b-10#-carotenal and b-ionone. Similar results were obtained with recombinant ferret BCDO2. In addition to b-carotene, BCDO2 also used the acyclic carotene lycopene as a substrate. Recombinant ferret BCDO2 cleaves 5-cis-and 13-cis-isomers of lycopene but not the all-trans-stereoisomer. Recent research showed that BCDO2 has much broader substrate specificity for cartenoids. In addition to carotenes, this enzyme also metabolizes xanthophylls such as zeaxanthin and lutein (63, 64) . In this reaction, BCDO2 can remove both ionone ring sites of a carotenoid by oxidative cleavage at positions 9,10 and 9#,10# of a carotenoid substrate ( Figure 1 ). Mutations in BCDO2 have been shown to alter carotenoid homeostasis of tissues in chickens, sheep, and cows (65) (66) (67) (68) . Moreover, a BCDO2-deficient mouse model accumulates xanthophylls such as zeaxanthin and lutein in the form of their 3-oxo-derivatives (64) . In accordance with the broad substrate specificity of this enzyme, lycopene metabolism also has been shown to be impaired in BCDO2-deficient mice (69) . Thus, the third family member, BCDO2, plays a more general role in maintaining carotenoid homeostasis in tissues.
Taken together, genes encoding molecular players of carotenoid metabolism, including carotenoid-oxygenases, have been molecularly identified and biochemically characterized. Insect genomes encode a carotenoid-isomerooxygenase referred to as NinaB. In mammals, oxidative cleavage activity of b-carotene and all-trans-to-11-cis isomerization activity of the retinoid cleavage product are separated to 2 distinct proteins, BCMO1 and RPE65. A third mammalian member of this protein family, BCDO2, has broad substrate specificity and converts provitamin A and non-provitamin A carotenoids. The identification of these genes provided molecular tools to address important questions with regard to carotenoid function and homeostasis. It also allowed generation of knockout mouse models to study the pathophysiologic consequences of impairment in b-carotene metabolism.
REGULATION OF INTESTINAL b-CAROTENE METABOLISM AND DISTRIBUTION OF RETINOID CLEAVAGE PRODUCTS TO TISSUES
The formal first step in vitamin A metabolism is the conversion of b-carotene to RAL. BCMO1 is expressed in enterocytes of the intestine where this conversion takes place (32, 70) . The primary cleavage product is subsequently converted to ROL and RE. These REs, along with REs produced from preformed dietary vitamin A, are packaged into chylomicrons that are secreted into the blood (71) . Approximately 66-75% of REs contained in chylomicrons are taken up by the liver and stored as esters in hepatic stellate cells. The remaining REs from chylomicrons are taken up by target tissues that include adipose tissue, heart, muscle, lungs, reproductive organs, and bone marrow. The clearance of chylomicron REs appears to involve the actions of lipoprotein lipase (72) . From liver stores, vitamin A is secreted as ROL bound to serum retinol-binding protein (RBP) (73, 74) . Retinol bound to RBP is distributed via the circulation (75) . The uptake of RBP-bound ROL into specific target tissues, such as the eye, is mediated by the multidomain membrane protein stimulated by retinoic acid 6 (STRA6) (76) . The transfer of retinol from RBP to the cytosol via STRA6 is bidirectional, which strongly suggests retinol channel/transporter and is driven by esterification of ROL to RE (77) . STRA6 is expressed in several blood-organ barriers such as Sertoli cells, yolk sac, and chorioallantoic placenta, choroid plexi (78), and retinal pigmented epithelial cells (76, 78, 79) .
In contrast to preformed vitamin A, intestinal carotenoid uptake is saturable and protein mediated (28, 36) . Evidence from cell culture studies and animal models suggests that intestinal b-carotene uptake and conversion is a regulated process involving the intestine-specific homeobox transcription factor (ISX) (80) . In ISX-deficient mice, SR-B1 and BCMO1 expression is significantly enhanced and their expression extends to more distal parts of the intestine (80) . Interestingly, ISX expression is reduced in VAD and SR-B1 and BCMO1 expression is increased (80) , which implicates this transcription factor as a principal regulatory factor for intestinal carotenoid metabolism. The crosstalk between b-carotene/retinoid metabolism and ISX is mediated via a retinoic acid-responsive element in the ISX promoter to which RARs can bind (81) . These findings suggest that RA produced from dietary vitamin A influences b-carotene bioavailability and conversion rates. Indeed, intestinal SR-B1 and BCMO1 expression is strongly increased in the intestine of mice with VAD (80, 81) . Gavage of vitamin Adeficient mice with RA induced ISX expression, which in turn decreased SR-B1 and BCMO1 expression (81) . Thus, ISX acts as a retinoic acid-sensitive "gatekeeper" for vitamin A production (for the current model; Figure 2 ). Negative feedback regulation of intestinal b-carotene absorption also has been shown in BCMO1-deficient mice. When fed a diet that provides b-carotene as the sole source for vitamin A, these mice accumulate large amounts of b-carotene because of genetic disruption of the vitamin A-forming enzyme. In the intestine, these mice showed highly elevated SR-B1 expression, whereas ISX expression was very low. When the diet was supplemented with a combination of b-carotene and vitamin A, ISX expression was induced and SR-B1 expression was reduced in the intestine (81) . Consequently, much less b-carotene was absorbed and accumulated in this mutant mouse model fed diets supplemented with preformed vitamin A.
Studies in human colonic cell lines indicated that RA-dependent regulation of ISX expression is well conserved in humans (81) . Therefore, this regulatory mechanism should be considered for recommendations for b-carotene intake. On the basis of the findings in mice, it might be predicted that there would be significant differences in b-carotene utilization in individuals with a high compared with a low vitamin A status. In VAD, enhanced and distally extended expression of SR-B1 and BCMO1 in the small intestine ensures that even small amounts of dietary b-carotene can be absorbed and used for vitamin A production. When sufficient dietary vitamin A is available, absorption and conversion of b-carotene is repressed at the level of SR-B1 and BCMO1, respectively. This negative feedback control also may explain why high-dose b-carotene supplementation does not result in hypervitaminosis A. In contrast, high-dose vitamin A supplementation can result in this pathology because of the lack of intestinal control mechanisms for its uptake.
BCMO1 AFFECTS RETINOID METABOLISM IN THE EMBRYO AND PERIPHERAL TISSUES OF ADULTS
In humans, substantial amounts of absorbed b-carotene are not cleaved in the intestine by BCMO1 (#40% of dietary intake) (82) and, along with other lipids, become incorporated in chylomicrons and are found associated with circulating lipoproteins (83) . Circulating carotenoids in association with lipoproteins can be then taken up by the lipoprotein-specific receptors. In mice, BCMO1 is expressed in both the intestine and liver but also in peripheral tissues, including the mammalian embryo (42, 43, 61) . In humans, analyses of BCMO1 mRNA expression levels showed a comparable picture (84) . Immunohistology showed that BCMO1 is expressed in the mucosal and glandular cells of stomach, small intestine, and colon; in liver; in cells comprising the exocrine glands in pancreas, glandular cells in prostate, endometrium, and mammary tissue; in kidney tubular cells; and in keratinocytes of skin squamous epithelium (85) . In addition, steroidogenic cells in testis, ovary, and the adrenal gland, as well as skeletal muscle cells, express BCMO1 (85) . Moreover, BCMO1 is abundantly expressed in the retinal pigmented epithelium of the eyes (84, 86) . Together, these studies suggest that a local tissue-specific conversion of b-carotene can contribute to retinoid metabolism in peripheral tissues.
Studies in BCMO1 knockout mouse models provided evidence that such local conversion of b-carotene can influence retinoid-dependent processes in tissues. Kim et al (87) provided evidence that BCMO1 can maintain retinoid homeostasis in embryonic tissues of vitamin A-deficient mice. In an elegant genetic approach, they generated RBP 2/2 BCMO1 2/2 doublemutant female mice. In RBP deficiency, mice depend on a continuous dietary vitamin A supply (RE in chylomicrons) (88) . These double-mutant mice were crossed with RBP 2/2 male mice so that dams were deficient both for RBP and BCMO1, whereas their offspring carried a functional BCMO1 allele. Pregnant dams were then subjected to dietary vitamin A restriction and received b-carotene or vehicle by intraperitoneal injection. The offspring developed severe embryonic malformations when supplemented with vehicle only. In contrast, b-carotene could maintain retinoid homeostasis and promoted normal development of the offspring (with a functional BCMO1 allele). Thus, b-carotene can serve as a retinoid precursor in embryonic tissue. A developmental role of BCMO1 also has been reported in lower vertebrates such as the zebrafish (89) .
In addition, the study by Kim et al (87) provided evidence of crosstalk between b-carotene metabolism and retinoid homeostasis that involves the BCMO1 protein per se. These researchers reported that dietary vitamin A restriction induced more severe developmental malformations in RBP 2/2 BCMO1 2/2 doublemutant offspring than in RBP 2/2 single-mutant offspring. This observation was unexpected because diets essentially provided no b-carotene in this experiment. The authors found that embryonic retinoid metabolism was altered in BCMO1-deficient embryos even in the absence of b-carotene. Lecithin:retinol acyltransferase (LRAT) expression was significantly reduced compared with embryos carrying a wild-type BCMO1 allele. Accordingly, BCMO1-deficient embryos had lower concentrations of RE and RA, the developmentally active form of vitamin A. Thus, the authors established a critical role of BCMO1 protein for maintaining embryonic retinoid metabolism.
In adult mammals, BCMO1 gene transcription is under the control of peroxisome proliferator-activated receptor g (PPARg) (90) , which is a key transcription factor of adipocyte differentiation and lipogenesis in mature adipocytes. The finding of responsiveness of BCMO1 to PPAR suggests a possible link between the regulation of fatty acid and b-carotene metabolism. Studies in BCMO1 knockout mice showed that this mutant mouse model develops dyslipidemia, is more susceptible to dietinduced obesity, and shows increased expression of PPARginduced genes in adipocytes, even when supplemented well with vitamin A (46) . Furthermore, b-carotene supplementation reduced body adiposity in female wild-type (WT) mice, whereas this effect was absent in age-and sex-matched BCMO1 2/2 mice. Genome-wide microarray analysis of inguinal white adipose tissue showed a decrease in mRNA expression of PPARg target genes. Consistently, the expression of this key transcription factor for lipogenesis decreased significantly at both the mRNA and protein levels (91) .
To further establish the connection between PPARg and BCMO1, the expression of this enzyme was investigated during PPARg-dependent differentiation of NIH 3T3-L1 preadipocyte cells to mature adipocytes (92) . During this process, BCMO1 is induced (5-7-fold) both at the mRNA and protein levels. Treatment of mature adipocytes with b-carotene resulted in reduced staining for lipids (Oil Red O stain) and triglyceride content, whereas microscopic inspection showed that lipid droplets were reduced in size and number. Interestingly, mRNA and protein expression levels of PPARg and its downstream target fatty acid-binding protein 4/aP2 were also significantly reduced in b,b-carotene-treated mature adipocytes. No such observations were apparent in vitamin Atreated mature adipocytes.
To determine the biologically active retinoid derivative that mediates this effect, HPLC analysis for lipids was performed in b-carotene and ROL-treated mature adipocytes. b-Carotene metabolized to RA, whereas ROL metabolized to REs. In fact, endogenous RA derived from b-carotene cleavage decreased the expression of key lipogenic transcription factors, namely CCAAT/enhancer-binding protein a and PPARg. It has been shown that the inhibitory effects of RA on adipogenesis are mediated by RARs (93) . In addition, RA treatment of mice reduces fat depots and decreases PPARg expression and other signaling pathways in fat (94, 95) . In line with this concept, a 2.8-fold induction of Cyp26a1 at the transcriptional level (mRNA) was observed. Cyp26a1 is an RA hydroxylase, whose mRNA expression is induced by RA in a strictly RARdependent manner. Importantly, effects of b-carotene on adipocytes could be prevented by pretreatment of cells with LE540, a RAR pan-antagonist. In agreement with RA production, b-carotene effects were dependent on canonical RAR signaling.
The effect of b-carotene and ROL supplementation on the adipose tissue biology of mice were also analyzed in LRAT 2/2 mice (96). The examination of inguinal white adipose tissue from these mice showed no changes in the mRNA expression of either PPARg or its downstream target aP2 as compared with LRAT 2/2 mice on vitamin A-deficient and vitamin A-sufficient diets, respectively. However, gavage of b-carotene but not ROL resulted in a 3-fold decrease in PPARg and aP2 mRNA expression and a 2.1-fold increase in Cyp26a1 mRNA expression. Thus, studies in cell cultures and in mouse models provided evidence that b-carotene is a physiologic precursor for RA in adipose tissues and affects adipocyte biology.
Cumulatively, studies in knockout mice provide evidence that BCMO1 can influence tissue, specifically retinoid-dependent processes as diverse as embryonic development and metabolic control (Figure 3) . Hence, the role of BCMO1 in the large panoply of retinoid-dependent biological processes deserves further research.
BCDO2, CAROTENOID HOMEOSTASIS, AND MITOCHONDRIA
The broad substrate specificity of the second mammalian carotenoid-oxygenase, BCDO2, implicates this enzyme in the metabolism of both provitamin A and non-provitamin A carotenoids. A critical role of BCDO2 for carotenoid metabolism was substantiated by findings in chickens. The yellow skin color of chickens (xanthophylls) is determined by a cis-acting and tissue-specific regulatory mutation that inhibits expression of BCDO2 in skin (68) . In addition, it was shown that mutations in the BCDO2 gene cause the yellow fat phenotype (xanthophyll accumulation) of sheep (97) . Moreover, the carotenoid content of cow milk and serum was shown to be significantly altered by a mutation that abolished BCDO2 function (66) .
To further analyze the physiologic role for BCDO2, a knockout mouse model was established (97) . Ablation of BCDO2 expression was confirmed by protein analysis of isolated hepatic mitochondria by using a BCDO2-specific antibody. BCDO2 2/2 mice developed normally and were fertile when fed a standard chow diet. Dietary supplementation of BCDO2 2/2 mice with either zeaxanthin or lutein showed impairment in carotenoid metabolism. HPLC analysis of lipid extracts of livers showed that these xanthophylls accumulated in the form of 3-oxometabolites (64) . These compounds have been recently described as major xanthophyll derivatives in WT mice with very short half-life times (98) . Notably, no accumulation of apocarotenoid cleavage products was found in WT mice, indicating that BCDO2-derived cleavage products are rapidly metabolized/degraded (64) .
A consequence of carotenoid accumulation in the BCDO2 2/2 mice was apparent in liver histology. Histologic analysis showed that BCDO2 +/2 and BCDO2 2/2 mice developed liver steatosis with large lipid droplets in hepatocytes and a significantly increased triacylglycerol content. This phenotype was not evident in age-matched BCDO2 2/2 mice that were fed a chow diet, indicating that this pathology was induced by carotenoid accumulation. Carotenoids also accumulated in BCDO2 +/2 mice, which indicated that loss of a single allele can cause haploinsufficiency and impairs carotenoid homeostasis. Furthermore, BCDO2 mRNA expression analysis by quantitative reverse transcriptase-polymerase chain reaction showed that BCDO2 expression was induced 7-fold in WT mice as compared with BCDO2 +/2 mice, thereby preventing accumulation of these carotenoids.
In agreement with the enzyme's intracellular localization, carotenoids accumulated in hepatic mitochondria of BCDO2 2/2 mice. Carotenoids are lipophilic molecules with an extended polyene chromophore that can act as an electron sink. In addition, these rigid lipids also may disturb membrane topology. Immunoblot analysis of manganese superoxide dismutase (MnSOD), an enzyme indicative of general mitochondrial stress and dysfunction, showed a 9-fold increase in hepatic mitochondria isolated from carotenoid-supplemented BCDO2 2/2 mice as compared with WT mice. Detailed analysis of the mitochondrial electron transport chain showed that ADPdependent respiration, respiration with high ADP, and uncoupled respiration rates of mitochondria isolated from BCDO2 2/2 mice fed the carotenoid diets were all significantly reduced as compared with siblings on the similar but carotenoid-free diet.
Disturbances in the mitochondrial electron transport chain generally result in the production of excessive reactive oxygen species (ROS). Indeed, in vitro studies in human liver HepG2 cells showed that zeaxanthin and lutein or their 3-dehyro derivatives, the latter isolated from livers of BCDO2 2/2 mice, all could induce ROS production in a dose-dependent manner. In addition, treatment of these cells with b-carotene also evidently resulted in ROS. Conversely, overexpressing recombinant murine BCDO2 in HepG2 cells significantly reduced ROS production on b-carotene administration, further showing the importance of this carotenoid-oxygenase in preventing carotenoid-induced oxidative stress. Accordingly, determination of the mitochondrial membrane potential by using the well-established JC-1 dye technique yielded similar outcomes. Again, overexpressing recombinant murine BCDO2 in HepG2 cells significantly ameliorated membrane depolarization in carotenoid-treated cells.
In addition, various components of oxidative stress-regulated signaling pathways increased in hepatic and cardiac tissues of BCDO2 2/2 mice receiving carotenoid supplementation. The induction of these cell signaling pathways helps accommodate mice to carotenoid-induced oxidative stress. However, a constitutive activation of oxidative stress-related pathways also is associated with disease, including cardiovascular and neurodegenerative disease, type 2 diabetes, and cancer.
For BCDO2, a single base pair polymorphism in intron 2 has been identified and correlates with altered blood concentrations of IL-18, a proinflammatory cytokine associated with type 2 diabetes and cardiovascular disease (99) . A relation between BCDO2 and cardiovascular disease has also been observed in mice (100) . An induction of cell signaling pathways related to oxidative stress and cell proliferation has been previously described in rats and ferrets supplemented with supraphysiologic doses of b-carotene (101, 102) . Large clinical trials showed that high-dose b-carotene supplementation can harm individuals at risk of disease related to oxidative stress, such as smokers and asbestos workers (for review, see references 103 and 104). Thus, studies in knockout mice implicate a polymorphism in the BCDO2 gene as a genetic risk factor for carotenoid-induced impairment and may provide a mechanistic explanation for the adverse health effects of high-dose supplementation with these compounds (Figure 4 ).
CONCLUSIONS
It is well established that b-carotene is a major source of vitamin A in the human diet. However, b-carotene metabolism was not well defined for many years because of a lack of knowledge about molecular factors devoted to this process. In recent years, genes encoding key factors for this metabolism have been identified, including carotenoid transporters and metabolizing enzymes. Studies in knockout mouse models unequivocally identified BCMO1 as the key enzyme for vitamin A production. Analysis in this mouse model also helped to unravel a diet-responsive regulatory network that controls intestinal vitamin A production. In this process, intestine-specific homeodomain transcription factor ISX acts as a retinoic acid-sensitive gatekeeper that controls intestinal b-carotene absorption and conversion to vitamin A. In addition, a large body of evidence has shown that a tissue-specific conversion of b-carotene via BCMO1 can influence vitamin A-dependent processes. Furthermore, b-carotene conversion to vitamin A can maintain normal development in the embryo under conditions of limited maternal vitamin A supply. A tissue-specific conversion of b-carotene to retinoids can also influence retinoid-dependent processes in adult mammals. In adipocytes, a reciprocal influence between the b-carotene metabolite retinoic acid and PPARg activity has been shown. Importantly, preformed dietary vitamin A does not show this activity, which implicates a unique role of b-carotene for this process. Genetic studies in chickens, cows, and sheep showed that mutations in the BCDO2 gene can alter carotenoid homeostasis. A critical role of BCDO2 for this process has been confirmed in a mouse model. In accordance with the mitochondrial localization of this enzyme, carotenoids accumulated in these organelles and impaired respiration. This impairment caused oxidative stress and induced cell signaling pathways related to cell survival and proliferation. This action of carotenoids may explain the adverse health effects of these compounds reported in clinical studies and identifies BCDO2 as a key player for their prevention. It also shows that carotenoid homeostasis-such as for other isoprenoid lipids such as cholesterol-must be tightly regulated to avoid disease. Polymorphisms in the genes encoding key components of carotenoid metabolism exist in the human population. In the future, this genetic variability as well as regulatory aspects must be considered when effects of carotenoids are evaluated. However, we still are at the beginning in our of understanding of the complex role of b-carotene in health and disease. The advancing knowledge on b-carotene metabolism contributes to the understanding of the biochemical, physiologic, developmental, and medical roles of this important micronutrient.
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